Introduction
Aneurysmal subarachnoid hemorrhage (aSAH) accounts for $ 5% of all strokes and affects $ 30,000 people in the United States per year. 1, 2 With an overall mortality of $ 45%, aSAH is a major contributor to the stroke-related loss of productive life years because it occurs at younger ages than ischemic stroke or intracerebral hemorrhage (ICH). [3] [4] [5] [6] In addition to the primary bleeding event and delayed ischemic neurologic deficits, early rebleeding from ruptured intracranial aneurysms is a devastating complication associated with high mortality and morbidity.
7
The prevention of rebleeding and its associated complications is the main rationale of early surgical or interventional aneurysm treatment. During surgical clipping of ruptured aneurysms, rebleeding is referred to as intraoperative aneurysm rupture (ioAR). Rates of ioAR in the literature range from 15% to 50%, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] mainly depending on whether so-called minor leaks, defined as a small rupture simply controlled by suction, are excluded or if patients with unruptured aneurysms are included. 18 IoAR may occur at different stages during surgery including the initial exposure, the dissection of the aneurysm, and the application of the clip (►Fig. 1). 19 There is considerable controversy over the question of whether ioAR affects clinical outcome 17, 20 and whether it is related to the timing of surgery. 12, 17 This study correlates preoperative clinical and radiographic factors with the occurrence of ioAR, as well as with clinical outcome. Grouping of ioAR or non-ioAR patients was based on information from the surgical report and confirmed by videotapes if available. IoAR was defined as any active arterial bleeding from the aneurysm intended to treat during surgery. Videotapes from patients with ioAR (n ¼ 24) were further analyzed to assess surgical technique. For the missing 10 patients, information was obtained from the surgical report only. Radiologic characteristics were based on initial computed tomography (CT) including CT angiography (CTA) or conventional angiography. Aneurysm localization, size, neck diameter, dome-to-neck ratio, maximal cisternal SAH thickness, intraventricular hemorrhage (IVH), and ICH and acute bleeding from the aneurysm, known as the spot sign on CTA, were assessed for all patients. Maximal cisternal SAH thickness was also summarized based on the Barrow Neurological Institute (BNI) score.
Material and Methods

Patient Data and Inclusion
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The spot sign was defined as an active contrast extravasation on multidetector CTA if the conditions described by Delgado Almandoz et al were fulfilled (one or more spots within the ICH per patient, ! 120 HU, discontinuous from vasculature, of any size and morphology). 22, 23 An example of a spot sign is depicted in ►Supplementary Fig. 1 (online-only) . 
Results
Patient Characteristics
Of 100 patients (38 men and 62 women) with a median age of 57.4 years (range: 23-85 years), ioAR was observed in 34 cases (34%), and 16 (16 of 34 [47%]) of these patients presented with an ICH. IoAR occurred during initial exposure (n ¼ 5), dissection of the aneurysm (n ¼ 24), and during or after clipping (n ¼ 5; ►Fig. 1). In the initial exposure ioAR group, in four of five cases the aneurysm ruptured during ICH evacuation. The other 12 patients with ioAR and ICH did not show an aneurysm rupture during ICH evacuation. None of the patients showed clinical or radiologic signs of rebleeding between hospital admission and the start of the surgical intervention. Demographic data and cardiovascular patient risk factors including smoking, BMI, DM, and aHT were not significantly different between the two groups (►Table 1).
Aneurysm Characteristics and Radiologic Assessment
In our patient population, most aneurysms were located in the middle cerebral artery (MCA) (n ¼ 38), anterior communicating artery (AComA) (n ¼ 29), or internal carotid artery (ICA) (n ¼ 12) with the highest ioAR rate present in the ICA (42%) and AComA (41%) (►Table 2). Size, neck diameter, dome-to-neck ratio, size of SAH, presence of calcifications, and IVH were not significantly different between the ioAR and non-ioAR group. ICH occurred in a total of 31 patients (31%) and was significantly more frequent in the group of patients subsequently developing ioAR (16 of 34 [47%]) compared with the non-ioAR group (15 of 66 [23%]; p ¼ 0.013); a high volume of ICH was associated with an intraoperative rupture (p ¼ 0.017; ►Table 3). Of the 31 patients with ICH, 7 patients (23%) displayed a spot sign on preoperative CTA, and all patients with a preoperative spot sign had an ioAR. The spot sign represented a significant risk factor for ioAR (p ¼ 0.007).
SAH Scores
Severe SAH cases were overrepresented in our series: 27 patients had a WFNS score of 5, and 14 patients had a WFNS score of 4 (severe SAH in 41% of the cases). The initial clinical status was significantly worse in patients with ioAR (Glasgow Coma Scale score p ¼ 0.022; WFNS p ¼ 0.023; and HH p ¼ 0.002), which was also confirmed by a high Fisher grade in these patients (p ¼ 0.012) (►Figs. 2 and 3). However, maximal cisternal SAH thickness, summarized in the BNI score, was not expedient as a predictive score for ioAR (p ¼ 0.97) (►Fig. 3). The maximal cisternal SAH thickness was also not associated with a significant risk for ioAR. 
Discussion
The International Subarachnoid Aneurysm Trial (ISAT) led to a shift in treatment recommendations for ruptured intracerebral aneurysms toward endovascular coiling. 24 All published studies on ioAR analyzed data from before the ISAT results 17, 18, 20 Our study included only patients operated in the post-ISAT era and therefore more reliably reflects the currently treated SAH patient population. The aim of the study was to evaluate preoperative clinical and radiographic risk factors as well as the timing of surgery to assess the incidence of ioAR rupture and its influence on clinical outcome. Our ioAR rate of 34% was in the higher range compared with previously published studies, which is most likely due to the inclusion of any intraoperative aneurysm leakage/rupture event (in contrast to previous studies, we also included small leaks that were easily controlled surgically). We do not believe the rupture rate is biased due to the retrospective design. With a coiling rate of $ 60% at our center, another reason for the high ioAR rate in our series might be the overrepresentation of complex cases in our surgical cohort (high severity grades and high rate of ICH). However, this might be an adequate representation of a surgical cohort in today's post-ISAT era.
Preoperative clinical status, as summarized by higher HH and WFNS grading scores, as well as the presence of ICH and the spot sign, were the only statistically significant predictors for ioAR in univariate analyses. In a multivariate model, HH was the only significant independent factor. This is most likely explained by the interdependence of factors that reflect initial clinical status (i.e., WFNS and HH show a strong positive correlation, and ICH influences both HH and WFNS). Any other radiographic aneurysmal characteristics, timing of surgery, or any kind of cerebrospinal fluid draining before treatment were not associated with ioAR. Clinical outcome, delayed cerebral ischemia, as well as shunt dependency, were comparable in all patient groups.
The most striking and novel result of our study pertains to radiologic predictors of ioAR. Patients presenting with ICH on the initial CT scan had a significantly higher risk of ioAR. We also found within the ICH group that all patients with a spot sign (n ¼ 7) had an ioAR. Interestingly, there was no difference in outcome between patients with or without ioAR and between patients with or without the spot sign. In a 2013 publication, Brouwers et al showed that in patients with aSAH, the rate of spot signs in ICH is lower than in primary ICH. 23 They also showed the lack of association between the spot sign and clinical outcome. 23 These results accord well with our findings. Finally, ioAR patients showed a statistically significant worse initial clinical status compared with non-ioAR patients. No other factors such as cardiovascular risk factors or other radiographic aneurysm characteristics (such as aneurysm size or shape of aneurysm) were associated with ioAR. These factors need to be further analyzed in a prospective trial. Our findings are in line with previous observations and follow a logical pattern because patients with an ICH and active bleeding most likely present with a reduced initial clinical status due to the hemorrhagic mass lesion. It has to be considered that the initial clinical status in the ioAR group was significantly worse. Taking into consideration that final clinical outcome was not significantly different between both groups, one might come to the somewhat paradoxical conclusion that ioAR had a protective effect. However, the mass effect in patients with ICH and the active bleeding in subjects with a positive spot sign in the ioAR group could be one relevant factor contributing to poor initial clinical status as mentioned earlier, which then again could be partially reversed by surgical intervention. It is well established that the spot sign indicates active bleeding and predicts hematoma extension as well as a poor outcome in patients with spontaneous ICH. 22, 23, 25, 26 Our study shows by analogy that the spot sign is associated with the risk of aneurysm re-rupture and active bleeding intraoperatively. ICH and spot signs were factors associated with surgical technique because most intraoperative ruptures in our study occurred during initial exposure (group A) and therefore before dissection of the aneurysm. ICH was a significant factor in the univariate analysis but not in the multivariate model. However, none of the patients with a spot sign and only two patients with ICH presented ioAR during or after clip application (group C). Aneurysm rupture in group C seems more likely related to the surgical technique than the other two groups.
Temporary clipping is another important factor discussed in the literature.
27-30 A recent prospective study showed that the use of elective temporary clipping decreased the rate of ioAR leading to improved outcome, whereas repeated rescue clipping in case of ioAR and total clipping time of at least 20 minutes had a significant impact on outcome. 28 In our study, patients with ioAR were rarely temporarily clipped before rupture. However, due to the retrospective nature of this study, only limited information about temporary occlusion was available for all patients (length and type), and we could not fully determine the degree to which the surgeons' judgment affected the use of temporary clipping. This could be further analyzed in a prospective study. With regard to clinical outcome, we found similar results for both groups without and with ioAR. In accordance with this finding, Sandalcioglu et al reported comparable outcomes for both groups with a trend to increased morbidity and mortality when ioAR occurred in patients with a poor initial condition. 20 All these results show that ioAR does not significantly impact clinical outcome, if handled in experienced hands, 20,31 because advanced microsurgical techniques allow early control of an intraoperative rupture event.
Complications of SAH such as delayed cerebral ischemia or shunt dependency did not depend on the occurrence of ioAR. Even though clinical outcome was not affected by ioAR in our series (12% in the non-ioAR versus 15% in the ioAR group) and in the microsurgical clipping literature, there is good evidence that ioAR during endovascular interventional procedures has a deleterious impact on outcome. In a series by Guglielmi et al, most of the patients died following ioAR during coiling of aneurysms of the posterior circulation.
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However, this study showed data in the beginning of coiling without modern microcatheters and without balloon-assisted coiling methods. The more recent published Cerebral Aneurysm Rerupture After Treatment (CARAT) study analyzed 1,010 patients (299 coiled and 711 clipped) and found in case of aneurysm rupture a periprocedural mortality rate of 31% among those clipped compared with 63% within the coiling group. 33 In our opinion, this difference is best explained by superior measures of bleeding control in open surgery compared with the limited access during interventional procedures. Modern balloon-assisted coiling methods might have an impact, but no data are available yet. Interestingly, the rate of intraprocedural re-rupture during coiling in the CARAT series was lower (5%) compared with the clipping group (19%). Based on the CARAT data, one may speculate that the lower intraprocedural rupture rate may also reflect a selection bias: unstable aneurysms with ICH are more likely to undergo surgical clipping because of the mass effect. The results of our study may suggest that unstable aneurysms (defined by ICH and a positive spot sign in our study) might profit from surgical clipping because of the increased risk of intraprocedural rupture. However this needs to be further analyzed in a prospective study including both surgical as well as endovascular treated aSAH patients.
Limitations
Our study is mainly limited by its retrospective design and by analyzing a pure surgical cohort. The pathophysiologic mechanism underlying the association of a positive spot sign and increased risk for ioAR in our study population remains unclear. One might hypothesize that in ICH with a spot sign, active bleeding prevents clot stabilization around the aneurysm neck. And vice versa, in patients without active bleeding the clot around the aneurysm neck has more time to stabilize and mature without being disrupted by active (re) bleeding. In addition, the local consumption of clotting factors during active bleeding right before surgery might contribute to a local hypocoagulative state. However, these are only hypotheses and not backed up by our study data. Larger prospective studies involving both surgical and endovascular patients are needed.
Summary
HH grade and the spot sign were associated with ioAR during microsurgical clipping of a ruptured aneurysm. However, there was no difference regarding clinical outcome and other complications between the two groups. ICH and the spot sign seem to predict an unstable aneurysm, and ioAR should be anticipated and reflected in surgical strategy such as surgical approach, temporary clipping, and anesthesiological measures. 
